Two mathematical models to elucidate the mechanism of retromobilization (or retrotransfer), that is, the ability of conjugative plasmids to mobilize genes into the cell containing the conjugative plasmid, were developed. This study deals with retromobilization of nonconjugative plasmids (Tra-Mob'). Plasmid transfer was modeled by two mass action models. The first is based on the hypothesis that retromobilization of the TraMob' vector occurs in one step, by means of the pilus formed by the Tra+ plasmid in the original host. In the second model, retromobilization is considered to be a two-step process involving two transfer events. The first step involves the transfer of the Tra+ plasmid from the recipient cell to the donor of the nonconjugative vector, and during the second encounter the nonconjugative vector is mobilized toward the recipient. Since the relationships between the number of transconjugants and the number of recipients for the two models are different, filter matings were performed for short time periods with different initial densities of the recipient population. Comparison of the numbers of transconjugants with the results of the mathematical equations confirmed the hypothesis that retromobilization is a one-step conjugation process.
Plasmids belonging to the incompatibility groups IncC, IncJ, IncN, IncP (IncPl), IncQ, and IncW can be maintained in a wide range of bacterial species. Many of these broadhost-range plasmids are able to self-transfer and to mobilize nonconjugative (Tra-) plasmids and sometimes even chromosomal genes into a very wide range of gram-negative bacteria (29) . DNA mobilization by IncPl plasmids toward gram-positive bacteria (7, 16, 22, 32) , cyanobacteria (11, 34) , and yeasts (8) has been demonstrated; the replication range of IncQ plasmids could also be extended to cyanobacteria (11) , gram-positive bacteria (6) , and plants (1) . In addition, IncPl (and some IncN) plasmids mobilize plasmids and chromosomal genes not only in the classical forward direction, i.e., from donor to recipient of the Tra+ plasmid, but also in the reverse direction, i.e., from recipient to donor. This phenomenon of reverse transfer is called retrotransfer and has been observed in both homologous and intergeneric matings.
Retrotransfer of chromosomal auxotrophic markers with the IncPl plasmid pULB113 (RP4::Mu3A) was observed in homologous matings with Pseudomonasfluorescens, Salmonella typhimurium, Alcaligenes eutrophus, and Erwinia chrysanthemi, as well as in heterospecific matings between A. eutrophus and Pseudomonas putida carrying pULB113, at frequencies similar to those of the direct mobilization (17) . The results obtained in this study gave rise to the assumption that retrotransfer could be an early event in the conjugation process and so would not depend upon the stable acquisition of the conjugative plasmid by the recipient but would occur as a one-step process of bidirectional DNA transfer.
Retromobilization of a Tra-Mob-vector, containing the heavy metal resistance genes czc, from Escherichia coli toward A. eutrophus harboring pULB113 occurred by integration of the czc fragment in pULB113 at a frequency of * Corresponding author.
10-7 to 10-8 per recipient, which was virtually the same frequency as that of triparental mobilization (31) .
Retromobilization of nonconjugative mobilizable (TraMob') plasmids has been demonstrated for many IncPl plasmids (RP4, pUZ8, and two catabolic plasmids, pJP4 and pSS50) (20, 27, 28, 31) . Of particular importance is the observation that the IncPl plasmid pRK2013 is able to retromobilize plasmids from strains in which it cannot be stably maintained: pRK2013 was shown to retromobilize an IncQ vector from Desulfovibrio spp., which belong to the 8 subgroup of the purple bacteria, toward E. coli (20) . A few plasmids belonging to other incompatibility groups (IncN, IncM) can also retromobilize IncQ vectors (28) , yet retrotransfer seems to be restricted to only a few broad-hostrange plasmids, particularly those from the IncPl group. Retrotransfer might be important ecologically; it might be an elegant way for IncPl-bearing bacteria to capture new genetic information from other organisms. In this way, retrotransfer could help communities become adapted to changing environmental conditions (17, 18) . Retrotransfer must also be considered during the assessment of the fate of released genetically engineered microorganisms and their DNA sequences into natural environments. An enhanced dissemination of genes into a microbial community could be expected when retromobilizing plasmids are present among the autochtonous bacteria in the biotope.
To predict the dissemination of genes in natural environments after introduction of an allochtonous bacterium, simulation of gene transfer and survival of the introduced DNA is required. A number of groups have studied the kinetics of direct conjugal plasmid transfer by using mathematical models. All of the models are based on a mass action approach, in which the rate of transconjugant formation is jointly proportional to the densities of donor and recipient cells. This mass action model assumes that parental cells are randomly distributed in homogeneous populations (5, 13 FIG. 1. Schematic representation of retromobilization of the nonconjugative (Tra-) plasmid pSUP202 by the conjugative (Tra+) plasmid RP4 with the one-step model (A) and the two-step model (B). R, recipient of pSUP202, LE392(RP4) (box); D, donor of pSUP202, CSH52(pSUP202) (rounded box); D', donor transconjugant (donor that has received RP4); N, retrotransconjugant (recipient that has received pSUP202). For explanation of the k parameters, see the text. 160gl, mineral medium (33) with 0.5% glucose as the C source; pro, proline (40 ,ug/ml); thi, thiamine (40 pg/ml); RiflO0, rifampin (100 pg/ml); Cm2O, chloramphenicol (20 pg/ml); Km5O, kanamycin (50 ,ug/ml).
soil microcosms, where they fitted with the experimental data (2, 10). The dynamics of plasmid transfer on surfaces and the adequacy of the model under these conditions was investigated by a method in which thin agar slides were used (24) . The model has also been used for estimating the net rate of plasmid transfer in batch cultures (26) and multistage continuous cultures (30) and for studying the conditions for the establishment and maintenance of plasmids in bacterial populations (25) . A model for mobilizable plasmids hitchhiking with a conjugative plasmid has been developed (12) ; in this model, mobilization of a nonconjugative plasmid is only possible when a conjugative plasmid is also present in the donor cell.
As far as we know, the kinetics of retromobilization of plasmids have not been studied. The aim of this work is to investigate whether retromobilization of nonconjugative plasmids occurs as a one-step or two-step process. In other words, is retromobilization the result of only one encounter between the cell harboring the conjugative plasmid and the cell containing the nonconjugative plasmid, during which DNA moves freely in two directions, or does the process involve two encounters, like a triparental mating? To investigate which model fits with the experimental data, two mechanistic mathematical models, based on these two different assumptions, were developed.
MATERUILS AND METHODS
Strains and plasmids. Homologous matings with a rifampin-resistant mutant of E. coli LE392 (pro met) (21) , harboring the conjugative plasmid RP4 (Tc Ap Km) (3), and E. coli CSH52 (pro thi), harboring the nonconjugative vector pSUP202 (Tc Ap Cm) (23) were performed.
Media. The mating experiments were performed on Luria Bertani (LB) agar, and the cultures were grown in 5 ml of LB broth containing the appropriate antibiotics. The media used for selective enumeration of the different cell lines are described in the legend to Fig. 1 .
Mating procedure. Since transfer of broad-host-range plasmids like RP4 occurs most efficiently on solid media (4), a filter mating procedure was used to assess our conjugation models. Cultures were grown overnight in LB broth supplemented with the appropriate antibiotics. Aliquots (0.5 ml) of both parental strains were mixed in an Eppendorf tube and centrifuged for 2 to 3 min. The culture of recipient cells was diluted 10, 100, and 1,000 times in LB broth before it was mixed with the donor to obtain several initial recipient concentrations. After centrifugation the supernatant was discarded, and the pellet was resuspended in 50 ,u of LB broth and spotted onto a sterile filter disk (0.22-,um pore size; Millipore) on a LB plate. After 60 or 140 min of incubation at 37°C, the filter was resuspended in 2 ml of saline by vigorous agitation on a Vortex mixer; the agitation also interrupted the mating. Donor, recipient, and transconjugant cells were enumerated by serial dilution and plating on the appropriate media ( Fig. 1) by the method of Miles and Misra (19) . Drops of 20 pl from the appropriate dilutions were spotted on the agar and allowed to dry before incubation at 37°C. Three drops per dilution were spotted, and four dilutions per petri dish were analyzed. For the lowest dilutions (undiluted, 10-1 dilution) classical spread plating was also applied; the two methods resulted in similar cell counts. As controls, donor and recipient strains were incubated separately on filters, under the same conditions as the mating, and plated on the selection plates. When 50-pl samples of each undiluted suspension of parental cells were spread together on the same selective plate, no transconjugants were found. Plasmids in the transconjugants were extracted by a modification of the method of Kado and Liu (9, 31) and visualized by gel electrophoresis.
Model description. Since all matings were performed for 60 and 140 min, we assume that there was no appreciable growth or death of cells or plasmid loss on the filter during the incubation. These assumptions were satisfactory, since the numbers of donors and recipients did not change during the incubation. The assumption of negligible growth is verified further below. In this paper the terms donor and recipient will be used with respect to the Tra-plasmid being retromobilized by the Tra+ plasmid. Di= Do x (1 -e-kl X R X t)
N= (k1Jkj) x Do x (1-e-kl x R X t (7) (ii) Model 2: two-step model. The second model incorporates, in a first stage, the formation of donor transconjugants (D') and, in a second stage, the production of retrotransconjugants (N) as a result of encounters between D' and R (Fig.  lb) . 174, 1992 The differential equations are as follows
An additional parameter is k2, which is the conjugal transfer rate constant for the mobilization of the Tra-plasmid from D' to the recipient cell R. Although equations 8 and 10 are the same as equations 3 and 4 of model 1, the retrotransconjugants (N) are assumed to be formed in two steps (equations 8 and 9). Again, as the number of retrotransconjugants is small compared with R, R can be assumed to be constant Model2:N=kl1xk x 2 x D x t2/2 (16) As shown in the Appendix, these equations are also obtained when equations 7 and 14 are simplified by Taylor series expansion of the exponential functions in the equations. Validation of the assumptions under the experimental conditions used in this study is given below.
RESULTS
Differentiation between the two models. Discrimination between the two models can be based on the dependence of N on t or R; this is different for the two models. Since growth cannot be neglected when long mating periods are used, matings were only performed with different initial recipient population sizes (R) for short time periods and the number of retrotransconjugants per milliliter (N) was determined. The results of three independent experiments are shown in Table  1 . In the first set of matings (set 1), both the donor transconjugants (D') and the retrotransconjugants (N) were determined to calculate k1 (values for k1 are identical for models 1 and 2), k12, and k1 x k2. This first experiment was repeated twice (without determination of D') with a 60-min mating time instead of 140 min (Table 1, To see whether the relationship between N and R was linear, N was regressed against R. There was a very good correlation: correlation coefficients (r) of the three sets of The data in Table 2 confirm the hypothesis that retromobilization occurs as a one-step process: model 1 Cross-validation (14) of the one-step model was confirmed by using one data set to identify the model and verifying the outcome of the identified model with other experimental data. The k values of the mating with the lowest number of R from set 2 of Table 2 were used to calculate the number of N for the other matings using the respective number of R and D (Table 1 , set 2). The experimental data approach very well the number of N predicted by model 1 and not at all the number predicted by model 2 ( Table 3 ). The same conclusion could be drawn when other identification and validation sets were used. Possible contribution of model 2 to model 1. Model 1 assumes that matings between D' and R, occurring in a second step, do not contribute to the formation of retrotransconjugants. The good fit of model 1 seems to indicate that retrotransfer is a one-step conjugation process but does not exclude a certain contribution of the two-step transfer process as simulated by model 2. Therefore, we investigated what contribution of model 2 is required before differences between experimental data and simulated values can be detected. Simulations were performed with a model combining models 1 and 2, in whichf is defined as the fraction of the overall model corresponding with model 2; i.e., an f of 0% would indicate simulation with 100% model 1, and an f of 100% would indicate simulation with 100% model 2. The kinetic parameters were calculated from data set 1 (Tables 1  and 2 ) for R = 8.3 x 106 CFU/ml and subsequently used in the model to predict the number of retrotransconjugants N at (Tables 1 and 2 indicates that for higher p, values the assumptions of no growth no longer obtain. Experimental data, however, showed that no detectable growth occurs during the mating period. Even after 24 h, cells on the filter only increased by a factor of 10, corresponding with ,u = 0.1 h-1. Therefore growth can be neglected in our models.
(ii) Neglect of matings between retrotransconjugants (N) and recipients (R) or donors (D). The influence of adding a term k3 x R x N to the differential equations 1, 2, 9, and 11 and a term k4 x D x N to the equations 3, 4, 8, and 10 was investigated. No significant effect of retrotransconjugantrecipient matings on the total number of retrotransconjugants could be observed for k3 values ranging from 10-12to a The initial value ofD was 5.0 x 108 CFU/ml; ki = 10-10 h-I (CFU/ml)-1.
10-8 h-1 (CFU/ml)-1. For k3 = 10-8 h-1(CFU/ml)-, N predicted by the extended model 1 increased by only 4%. Also the number of D' was not affected by retrotransconjugant-donor matings for k4 values in the same range.
(iii) Neglect of the decrease of R and D during the time interval. R was assumed to be constant during the conjugation period; this drastically simplified our models. The reduced models were obtained by assuming D to be constant too. The results shown in Table 1 clearly demonstrate that the fraction of recipients (R) transformed into retrotransconjugants (N) during 2.3 or 1 h is indeed very small (< 10-3) and can be neglected; therefore the number of R can be assumed to be constant.
The number of D cells decreases more rapidly because of rapid formation of donor transconjugants (D'). Only for R values of 6.0 x 108 CFU/ml and higher, changes in D can no longer be neglected (Table 4) , and the simplified model is no longer valid.
The same observation can be made by comparing the values of k obtained by the simplified and full models. The k12 values calculated with the full model 1 are very similar to those obtained with the simplified model 1 (Table 2 ), indicating that the assumptions made to simplify the model are valid. Also, in model 2, the k2 values calculated with the simple model agree very well with those obtained with the full model. The very small underestimation of the k values after simplification of both models becomes more pronounced when the number of recipient cells increases: for k12 a deviation of 5.6% is observed and for k2 a deviation of 4.2% is observed in the mating with the highest number of R (6.9 x 108 CFU/ml). This is in agreement with the conclusions from Table 4 .
The same conclusion can also be drawn by applying the Taylor series expansion (see Appendix); reducing the equations is allowed if the neglected terms contribute for only 1% or less, which is obtained when R < 0.02/kl.
Finally the number of retrotransconjugants (N) was simulated with the full and simplified models. The effects of reduction of models 1 and 2 (percentages of deviation of N relative to values obtained with the full models) are as follows: at 1 h (mating time), 0.4% for both models; at 3 h, 
DISCUSSION
We demonstrated that both the transfer and retrotransfer rate constants (kI and k12) are independent of the donor/ recipient ratio. Levin et al. (13) also observed that the transfer rate constant for a classical direct plasmid transfer is relatively independent of the relative frequency of donors and recipients. These authors believe that the mass action model, with its implicit assumption of a dimensionless habitat, could not serve for modeling plasmid transfer in patchy habitats. However, the mass action model has been successfully used for prediction of plasmid transfer in solid habitats like soil (2, 10) . The usefulness of the mass action model for predicting plasmid transfer dynamics on surfaces was investigated further by use of a surface slide system (24) . The model did simulate the plasmid transfer dynamics when high inoculum concentrations were used. When the parental strains were inoculated at lower concentrations, the number of transconjugants determined after 30 h (steady state) was not comparable to the numbers obtained in matings in liquid cultures. Simonsen therefore concluded that the mass action model, which obtains for matings in liquids, could not be used for matings on surfaces. Nevertheless, it is possible that the model can be used if surface cultures are initiated with a high cell density (>106 cells cm-2) at a donor/ recipient ratio of 1:1 (26) . In our mating procedure, the surface of the filter covered by the 50-,ul drop is ca. 0.5 cm2. Even at the lowest concentration of R, a density of ca. 2 x 106 CFU cm-2 of recipients is reached. Moreover, the incubation time was only 60 or 140 min and therefore the results cannot be compared with those of a 30-h mating. Since the relationship between N and R as described in our model 1 and the relationship between D' and R fit our data very well, we believe that the mass action model can also be used in filter matings under the conditions applied in this study. The variation in the values of the retrotransfer rate constant k12 obtained in the three sets of experiments could be due to small differences in mating conditions. The effect of energy availability on the conjugative-transfer kinetics of plasmid RP4 was recently demonstrated (15) . A decrease of substrate availability significantly decreased the transconjugant formation rate. The transfer rate constant also varied with the amount of time the parental cells were incubated before being harvested for a transfer experiment (15) . Our variations in k12 could also be explained by the latter phenomenon, since small variations in culture age are unavoidable.
The complete mass action model includes several processes (13) . This study demonstrates that some of these processes can be neglected under certain mating conditions. By limiting the conjugation time period to 1 h or a maximum of 2.3 h, the models could be reduced to simple equations. During this short time period, cell growth on the filter can be neglected, and the numbers of recipients and (for recipient numbers that are not too high) also donors can be assumed to be constant. Also, matings between retrotransconjugants (N) and either recipients or donors are negligible because of the low number of N formed within this time interval. Hence, the relationship between N and R is reduced to a linear function in the one-step model and to a quadratic function in the two-step model, allowing easy distinction between the models. Models were selected by using three approaches (14) . First, the relationship between N and R was shown to be linear and not quadratic, indicating that model 1 fits the data. The study of parameter invariance was another approach; since the k12 values estimated by the one-step model were independent of the number of recipients, whereas those of the two-step model were not, the one-step model was selected. Finally, an attractive way of comparing two different models is to evaluate their performances when applied to a data set to which neither of them has been adjusted. Such a procedure is known as cross-validation (14) . This third procedure indicated that only the one-step model fits our data. So the results of these three approaches confirm the hypothesis that retrotransfer of plasmids is the result of only one encounter between two cells and that the formation of retrotransconjugants is first order with respect to the number of recipient cells (R), which simultaneously act as donors of the conjugative plasmids. Hence, retrotransfer appears to be a one-step process of bidirectional DNA transfer, which is different from a triparental mating during which at least two encounters are needed. Retrotransfer is thus a specific phenomenon that could have interesting implications for gene exchange in nature, since gene mobilization through this mechanism requires only two mating partners and one collision and could therefore become more important than triparental matings in natural (especially heterogeneous) habitats where the probability of cell encounters is lower than in dense cultures. Moreover, retromobilization allows the host to capture genes from species in which the retromobilizing plasmid cannot be stably established (20) . The molecular mechanism of retrotransfer is not yet fully understood, yet the findings described in this paper strengthen the hypothesis that retrotransfer is a conjugation mechanism that could be separated from direct transfer and mobilization (17) . Further study is needed to elucidate the phenomenon completely.
The mathematical model developed in this study could be expanded to study retrotransfer in soil habitats. It could be a useful tool for assessing the probability of uptake of foreign DNA by autochtonous microorganisms harboring conjugative, retromobilizing plasmids when allochtonous bacteria are introduced into the soil environment. The model developed by Knudsen et al. (19) could, according to the authors, be used as a first step in predicting mobilization of nonconjugative plasmids. The results described in this study show that these models could also be used for retromobilization of nonconjugative plasmids.
APPENDIX
Taylor series expansions of exponential functions are as follows: ex = 1 + x + x2/2! + x313! + ... and e-kl X R Xt = 1 -k x R x t + k12 xR2 x t2/2 -. Model 1. In model 1, N = (klJkl) x DO(l -ekl x R X t) = (klJkl) xD0(1-1+k1xRxt-k2 xR2 xt2/2+. . .),N=k12xD0(R x t -kx 2 x t2/2+ . . .), and if R ' 11(50 x kl), then the third term of the Taylor series expansion formula is 100 times smaller than the second term (for t = 1 h) and can be neglected. Therefore, N can be reduced to k12 x R x D x t for D = Do. If k1 = 10-10, R should be 2 x 108 maximum, which is almost the case in our matings with the highest R concentration and certainly in all other matings.
